Microtubule-based molecular motors mediate transport of intracellular cargo to subdomains in neurons. Previous evidence has suggested that the anesthetic propofol decreases the average run-length potential of the major anterograde transporters kinesin-1 and kinesin-2 without altering their velocity. This effect on kinesin has not been observed with other inhibitors, stimulating considerable interest in the underlying mechanism. Here, we used a photoactive derivative of propofol, metaazipropofol (AziPm), to search for potential propofol-binding sites in kinesin. Single-molecule motility assays confirmed that AziPm and propofol similarly inhibit kinesin-1 and kinesin-2. We then applied AziPm in semiquantitative radiolabeling and MS microsequencing assays to identify propofol-binding sites within microtubule-kinesin complexes. The radiolabeling experiments suggested preferential AziPm binding to the ATPbound microtubule-kinesin complex. The photolabeled residues were contained within the kinesin motor domain rather than at the motor domain-␤-tubulin interface. No residues within the P-loop of kinesin were photolabeled, indicating an inhibitory mechanism that does not directly affect ATPase activity and has an effect on run length without changing velocity. Our results also indicated that when the kinesin motor interacts with the microtubule during its processive run, a site forms in kinesin to which propofol can then bind and allosterically disrupt the kinesin-microtubule interaction, resulting in kinesin detachment and run termination. The discovery of the propofol-binding allosteric site in kinesin may improve our understanding of the strict coordination of the motor heads during the processive run. We hypothesize that propofol's potent effect on intracellular transport contributes to various components of its anesthetic action.
propofol forms, propofol binds and disrupts the kinesinmicrotubule interaction, and therefore results in kinesin detachment to end the processive run (26) .
These results led us to hypothesize that propofol's effect on the neuronal transport kinesins may contribute to the multiplex nature of propofol induction and emergence (27) and/or adverse effects. Although an isolated processivity effect on some kinesins may not translate to large cellular or organism effects, the impact might be larger with prolonged exposures, such as in total intravenous administration (TIVA), ICU sedation, or in particularly sensitive brain regions and/or cell types.
To define the underlying molecular mechanism by which propofol ends a processive run, we pursued a study to identify propofol-binding site(s) on the microtubule-kinesin complex and determine their nucleotide-state dependence. The identification strategy used a photoactive analogue of propofol, metaazipropofol (AziPm) 2 ( Fig. 2A) , coupled with high-resolution MS (28) . The residues photolabeled by AziPm were located in the motor domains of kinesin-1 and kinesin-2 KIF3B and KIF3C. Interestingly no residues were photolabeled in the KIF3A polypeptide of heterodimeric KIF3AB or KIF3AC. Moreover, the shared allosteric site identified in each was distinct from the ATP-binding site at the conserved Switch I/II subdomain that is highly dynamic over the course of the kinesin stepping cycle (14, 29 -33) . These results identify a new druggable site in the kinesin family and provide insight into the potential effects of anesthetics on intracellular transport.
Results

Alkylphenol-based anesthetics selectively impair kinesin-1 and kinesin-2 run-length potential
We first sought to confirm that the photoaffinity derivative for propofol, AziPm, displayed activity analogous to the parent drug propofol. We employed a quantum-dot (Qdot) single molecule assay in conjuction with total internal reflection fluorescence (TIRF) microscopy to evaluate AziPm effects on processive kinesin motility (26) . The single-molecule motility assay allows quantitative assessment of a motor's run length and velocity of movement by tracking single Qdot-bound kinesin dimers as they step along stationary microtubules (Fig. S1 ). We examined the effects of AziPm on the motility of a bacterially 2 The abbreviations used are: AziPm, meta-azipropofol; ACN, acetonitrile;
AMPPNP, adenosine 5Ј-(␤,␥-imino)-triphosphate; ADP-AlF 4 Ϫ , adenosine diphosphate-aluminum fluoride; CASTp, Computed Atlas of Surface Topography of proteins; GABA A , ␥-aminobutyric acid type A; IPTG, isopropyl ␤-D-1-thiogalactopyranoside; LB, lysogeny broth; Qdot, quantum-dot; SHD, synthetic heterodimerization helix; TIVA, total intravenous administration; TIRF, total internal reflection fluorescence; TEV, tobacco etch virus. E0 , dimeric kinesin in solution, detached from the microtubule holds ADP tightly bound in each motor head. E0 -E1, the processive run starts with microtubule collision followed by ADP release. The leading head is in the no-nucleotide state (white; Ø) and the trailing head is detached from the microtubule with ADP tightly bound. E2-E4, ATP binding at the leading head initiates a series of structural transitions, namely the ridged movement of the P-loop and Switch I/II motor head subdomains and neck linker docking that promotes the trailing head to move forward to the next microtubule-binding site. E4 -E5, ADP is released from the leading head resulting in a two-head bound state. Strain develops, the leading head neck linker is detached and pointed backward, which decreases the probability of ATP binding to the leading nucleotide-free head. E5-E1, ATP hydrolysis within the trailing head followed P i release weakens the affinity of the trailing head to the microtubule, resulting in its subsequent detachment. The leading head is now able to bind another ATP to continue the processive run. The states most vulnerable to propofol-induced detachment from the microtubule include E1-E4 based on the AziPm photolabeling.
expressed homodimeric conventional kinesin-1 (K439) that encodes the first 439 amino acid residues of human KIF5B. Homodimeric KIF5 motors have been identified as one of the primary motors for anterograde axonal transport of various cargos including vesicles and organelles such as mitochondria (2, 34) . Both propofol and AziPm significantly decreased the run-length potential of K439 by ϳ50% without altering motor velocity (p Ͼ 0.1) ( Fig. 2 , B-D). This unique disruption in processivity aligned with our previous study where propofol decreased the distance traveled by the well-studied kinesin-1 motor K560 (26) , contains the first 560 amino acid residues of KIF5B.
We then extended our study to determine whether AziPm, like propofol, also altered the processive movement of kinesin-2 motors. Heterodimeric KIF3 motors have been shown to be important for neurite building and the anterograde component for late endosomes/lysosome bidirectional axonal transport (35) (36) (37) . Similar to propofol, AziPm decreased the run lengths of heterodimeric kinesin-2 KIF3AB and KIF3AC ( Fig.  S1 ). Previously we determined that propofol exhibited a level of selectivity for affecting kinesin-2 motors. Namely, propofol decreased the run length of engineered homomeric KIF3BB and KIF3CC but showed no effect on a similarly designed KIF3AA (26) . AziPm displayed a similar selective inhibition of KIF3BB and KIF3CC motors at 10 M, decreasing their run lengths by ϳ50 and ϳ35%, respectively, whereas no significant change in the velocity of movement or the run length was observed for KIF3AA ( Fig. S1 ). Together, these findings indicate that both propofol and the photoaffinity derivative AziPm have the same selective disruption of kinesin processive movement likely reflecting a shared molecular mechanism.
Alkylphenol-based anesthetics bind specifically to the kinesin-1 and kinesin-2 motor domains in the presence of AMPPNP
Processive movement requires that one of the two motor heads of the kinesin dimer be strongly bound with the microtubule at any given time, otherwise the motor would fully detach from the microtubule when under load (38) . The strongly bound states within the kinesin stepping cycle occur when the motor head, in complex with tubulin, is bound with ATP or without nucleotide altogether ( Fig. 1 ). We hypothesized that propofol and AziPm would disrupt processive movement by interfering with one or both of the strongly bound states resulting in premature detachment from the microtubule. The nonhydrolysable ATP analogue, AMPPNP "locks" processive kinesins in a state similar to that thought for ATP-bound kinesin (39, 40) . Therefore to examine potential mechanisms, we performed our studies with microtubule-kinesin complexes with or without AMPPNP to generate a system dominated by either the strongly bound nucleotide-free state or the ATPbound state within the kinesin stepping cycle. To allow for semi-quantitative analysis of photolabeling of kinesin or tubulin and kinesin-tubulin complexes with or without AMPPNP we performed radiolabeling studies with tritiated AziPm ([ 3 H]AziPm) (41, 42) . We irradiated samples containing 10 M tubulin (microtubule) and 5 M kinesin with or without 1 mM AMPPNP in the presence of 10 M [ 3 H]AziPm with or without 400 M unlabeled propofol (to determine specificity). Following UV exposure, the proteins were precipitated with acetone, separated by SDS-PAGE, and visualized by Coomassie stain. Protein bands were excised and counted for radiolabel incorporation by scintillation counting (41) (Fig. S2) . These values A single exponential decay fit provides the mean run length Ϯ S.E. for each dataset. Mean run-length differences between the DMSO control and either propofol or AziPm were highly significant (p Ͻ Ͻ 0.0001), yet the mean run lengths of propofol and AziPm conditions showed no statistical significance from each other (p Ͼ 0.3). A Gaussian fit provides the mean velocity Ϯ S.E. for each dataset, which were not statistically significant between the DMSO control and either propofol or AziPm (p Ͼ 0.1). Kymograph scale bars: 5 m along the x axis, 25 s along the y axis.
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were normalized by the optical density of the Coomassiestained protein band to prevent unwanted variation.
An increase in [ 3 H]AziPm radiolabeling was observed for K439, KIF3AB, and KIF3AC in the presence of microtubules indicating the formation of binding sites associated with the microtubule-kinesin complexes rather than kinesin or microtubules alone. Radiolabeling was further increased with the introduction of 1 mM AMPPNP (Table 1 ). There was a 2-3fold increase of the kinesin radiolabel photoincorporation in the microtubule-kinesin complexes in the presence of 1 mM AMPPNP compared with microtubule-kinesin complexes without the added nucleotide. To determine the specificity of Considerable concentrations of parent drug are generally used to determine the specificity of binding sites due to the nonequilibrium nature of photoaffinity labeling (42, 43) . Indeed over two times greater concentration of propofol was required to reduce labeling in the established protein target, the GABA type A (GABA A ) receptor, to a similar degree as that used here for kinesin (44) .
[ 3 H]AziPm radiolabeling of microtubules across all conditions was less when compared with kinesins ( Table 2 ). Only when microtubules were combined with KIF3AB and 1 mM AMPPNP was there a similar increase in tubulin photoincorporation (ϳ1.9 fold; Table 2 ) as compared with radiolabel incorporation into kinesin. Furthermore, the addition of excess unlabeled propofol produced a trend toward inhibition of tubulin radiolabeling in the microtubule-KIF3AB complexes, suggesting a saturable site ( Table 2 ). Interestingly minor increases in radiolabeling of tubulin were observed with addition of 400 M propofol in KIF3AC and K439-containing systems indicative of either lower affinity and/or nonspecific binding. As a whole, the increases in [ 3 H]AziPm photolabeling of kinesin and the propofol inhibition of the photoincorporation suggest a specific and/or high affinity kinesin-binding site for propofol. This site appears to be dependent on the formation of the AMPPNP-promoted microtubule-kinesin complex where kinesin is strongly bound to the microtubule.
Alkylphenol-based anesthetic-binding sites within the K439, KIF3B, and KIF3C catalytic motor head domains
We next identified the AziPm photolabeled residues within kinesin and/or tubulin of the microtubule-kinesin complexes with or without AMPPNP by mass spectrometry (MS) microsequencing. All kinesins, with or without AMPPNP, showed ample sequence coverage (80 -96%) with K439 displaying 95 and 96% coverage in conditions with and without AMPPNP, respectively ( Fig. S3-S6 ). Major isoforms of ␣ (TBA4A)-and ␤ (TBB4B)-tubulin showed Ͼ75% coverage across all experiments (Figs. S7 and S8). An increased number of AziPm adducts were identified in K439 in the microtubule-K439 -AMPPNP complexes compared with the complexes with no added nucleotide ( Fig. 3; Fig. S9 ). This trend was also observed for the KIF3B and KIF3C motors when the microtubule KIF3AC and KIF3AB complexes were photolabeled with or without AMPPNP ( Fig. 3 ; Fig. S10 -S12). All residues photolabeled by AziPm in KIF439, KIF3B, and KIF3C were located in the motor domain ( Fig. 3 ). Interestingly, no AziPm adducts were detected within KIF3A peptides across all experiments. These observations suggest that the lack of inhibition by propofol and AziPm for homodimeric KIF3AA in single molecule motility studies was a result of KIF3A not binding propofol or AziPm. Moreover, the results indicate that KIFA in KIF3AB and KIF3AC was also unable to bind propofol or AziPm.
AMPPNP-dependent formation of propofol-binding sites common between kinesin motor domains
To explore the results of our photolabeling experiments for each microtubule-kinesin complex, we aligned the kinesin 
H͔AziPm photoaffinity radiolabeling of kinesin and microtubule-kinesin (MT-kinesin) complexes with and without AMPPNP and unlabeled propofol
The MT-kinesin complex (10 M MTs ϩ 5 M kinesin dimer) was preformed with or without (Ø) 1 mM AMPPNP and with (ϩ propofol) or without (Ϫ propofol) 400 M unlabeled propofol. Values are shown as mean Ϯ S.E. of three experimental replicates.
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sequences with the X-ray crystal structures of the kinesin motor domain without nucleotide (PDB ID 4LNU) (29) or with adenosine diphosphate-aluminum fluoride (ADP-AlF 4 Ϫ ) (PDB ID 4HNA) (30) in complex with tubulin ( Fig. S13 ). To further clarify propofol and AziPm-binding cavities, we substituted residues within kinesin motor head X-ray crystal structures to match the K439 sequence and analyzed both structures with Computed Atlas of Surface Topography of proteins (CASTp) web software (45) . CASTp predicts binding cavities within proteins and provides the measurements as well as the contributing amino acid residues for the detected binding pockets. Pockets of sufficient volume to accommodate at least one propofol or AziPm molecule (Ͼ200 Å 3 ) ( Fig. S14 ) were investigated with docking experiments using AutoDock Vina (46) to further refine potential binding sites. The docking regions were set to include all amino acid residues that were predicted to contribute at least one atom of the side chain or backbone to the bind-ing pocket lining. Additionally, all residue side chains were made flexible within the docking experiment to provide an estimate of ligand binding energies. Within each structure, atoms from the majority of photolabeled residues detected by MS in the microtubule-kinesin complexes with or without AMPPNP were found to line computationally defined binding pockets with appropriate volumes.
Docking within the kinesin motor domain of the tubulinkinesin complex without nucleotide indicated that an interior pocket between the ␣4 and ␣6 helices and ␤-strands ␤3, ␤7, and ␤8 would accommodate propofol and AziPm with poses represented within the site (Fig. 4A) . A continuous solvent accessible pocket was also indicated between the ␣4 and ␣5 helices and ␤-strands ␤1 and ␤3 for both ligands (Fig. 4A ). Photolabeled residues identified within microtubule-kinesin complexes without nucleotide are in close proximity to the highest scored poses. Specifically photolabeled residues located at ␣5 and ␣6 Figure 3 . Photolabeled residues in kinesin-1 and kinesin-2 motor domains. Shown is alignment of kinesin motor domain sequences from kinesin-1 (K439) and kinesin-2 (KIF3B and KIF3C), with structural elements from kinesin-1 (KIF5B, PDB code 4HNA) provided above the alignment (30) . Residues highlighted in magenta were photolabeled by AziPm in the no-nucleotide state for K439 (Phe 318 ) and KIF3C (Leu 242 , Asp 330 , Leu 332 ). Residues in the ATP-like AMPPNP-bound state within the common allosteric binding site are highlighted in cyan for K439 (C7, Leu 227 , Ser 289 ), KIF3B (Tyr 138 ), and KIF3C (Ser 144 , Leu 242 , Asn 243 ). The KIF3C residue Leu 242 was photolabeled by AziPm in the absence of nucleotide and in the presence of 1 mM AMPPNP, the ATP-like state (cyan with magenta underline). Additionally, residues photolabeled at a site unique to KIF3C in the presence of AMPPNP (Met 107 , Gly 109 ) are highlighted in teal.
align well with both the CASTp-predicted binding site and distances from highest scored poses generated by AutoDock Vina (Fig. 4A ). Propofol is expected to be highly dynamic in its binding site, and thus more than one pose is likely to reflect reality, and is the basis for multiple photolabeled residues.
Significant conformational changes within the motor head are observed when comparing the no nucleotide and ADP-AlF 4
Ϫ -bound kinesin X-ray crystal structures (29) . These structural changes are generally described as rigid movements involving three distinct subdomains: P-loop and Switch I/II subdomains, and the microtubule-binding interface (29) . Namely, when the microtubule-kinesin complex binds ATP, the nucleotide cleft closes resulting in concerted rotations of the P-loop and Switch I/II subdomains (29, 31) . The movement of the subdomains results in the obstruction of the interior pocket that was predicted by CASTp in the no nucleotidebound kinesin motor. Instead, within the ADP-AlF 4
Ϫ -bound microtubule-kinesin complex, CASTp predicted a large cavity located mainly between the ␣5 helix, ␤-strands ␤3, ␤4, ␤6, and ␤7 and the neck linker ( Fig. S14 ). Propofol and AziPm displayed similar poses in the cavity, with the highest scored poses by AutoDock Vina within the ␣5 helix and ␤-strands ␤4, ␤6, and ␤7 (Fig. 4B ). Again photolabeled residues by AziPm were consistently near poses generated by docking, specifically photolabeled residues located within ␤-strands ␤4 and ␤7 (Fig. 4B ).
Together photoaffinity labeling experiments provide evidence that alkylphenol-based anesthetics bind within microtubule-kinesin complexes both in the presence and absence of AMPPNP. Indeed [ 3 H]AziPm radiolabeling, which provides a quantitative assessment of photolabeling, aligns with these findings. Although not significant, photoincorporation may be increased within microtubule-kinesin complexes without nucleotide compared with samples only containing dimeric kinesin. However, given that [ 3 H]AziPm photoincorporation was comparatively lower and propofol did not inhibit the radiolabeling within complexes without nucleotide suggests that the pocket identified within AMPPNP-bound microtubulekinesin complexes better represents a higher affinity and/or propofol-specific site. An additional compelling feature was the photolabeling of similar putative binding pockets identified within the AMPPNP-bound complex relative to no nucleotidebound microtubule-kinesin complex, namely those photolabeled residues within ␣5 helix and ␤-strands ␤1 and ␤7 (Fig.  S13) . These results suggest that alkylphenol-based anesthetics may also bind to an intermediate state between the two static crystal structures represented. Additional studies and increased understanding of these intermediate conformations will be needed to test this potential mechanism.
Additional kinesin-specific alkylphenol-based anesthetic binding sites
An additional site was photolabeled by AziPm in KIF3C (Met 107 and Gly 109 ) located at an interface of the P-loop and Switch I/II domains that were near, but not contributing to, the nucleotide-binding site ( Fig. 5 ). Furthermore, despite the comparative abundance and proximity to the kinesin motor, only one residue within ␤-tubulin was photolabeled by AziPm and only in the KIF3AB ATP-like system (Met 257 ; Fig. 5 ). This res- Ϫ is shown in stick representation and a Mg 2ϩ ion is shown as a light green sphere. All residues within predicted binding sites were made flexible in AutoDock Vina, whereas the backbone structure remained rigid during docking experiments.
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idue is close to the human TUBB3 R262H and R262A mutation sites that impair the motility and ATPase activity of the kinesin motor (47) (48) (49) (50) . It is not clear how these secondary sites contribute to AziPm and propofol's mechanism(s), however, they may hint toward additional kinesin-specific effects. Ultimately, the conserved site shared by K439, KIF3B, and KIF3C at the junction of Switch I/II subdomain and microtubule-binding interface is likely to be the main contributor to the common effects of alkylphenol-based anesthetics to decrease kinesin run length, whereas preserving velocity.
Discussion
This study indicates that propofol binds at a site allosteric to the catalytic site within the kinesin motor head, which forms in the ATP-bound state, leading to premature detachment of anterograde processive kinesins and their cargos from the microtubule (Fig. 1) . To our knowledge, this common site identified in K439, KIF3B, and KIF3C is the first evidence of a druggable inhibitory site within the interface of the Switch I/II subdomain and the microtubule-kinesin interface. Given that the mechanism of kinesin processivity appears to rely on the collective movement of these subdomains, the binding of inhibitors at their interfaces would be a rational mechanism to alter the kinesin motor head internal reorganization and impair motor head coordination for the kinesin stepping cycle. Indeed, interfacial binding between motor head subdomains has been previously observed for other kinesin allosteric inhibitors (51) (52) (53) . However, these sites are located at alternative sites within kinesin compared with the common binding site identified for propofol and these inhibitors affect both the velocity and ATPase activity. We hypothesize that propofol binding at the Switch I/II subdomain and microtubule interface would promote the premature formation of a weak binding state that disrupts motor head coordination resulting in motor detachment. Such a mechanism, largely distinct from ATP hydrolysis, would be predicted to result in the decreased kinesin run length, whereas maintaining normal velocity. Furthermore, if propofol binding occurred when only one motor head was in complex with the microtubule during the kinesin mechanochemical cycle, then there would be an increased likelihood of premature detachment (E2 and E3, Fig. 1 ). More investigations into the structure and/or kinetics of propofol binding within specific kinesins and their intermediate states will help to resolve these subtle mechanistic distinctions.
The nanomolar potency to inhibit kinesin processivity is in contrast to other functionally influenced protein targets identified for propofol. Indeed affinities for many binding targets and the plasma concentrations often associated with propofol are within the low micromolar range. Many general anesthetics are considered hydrophobic drugs, with propofol water/octanol partition coefficient of ϳ3.79. As a consequence it is likely that propofol concentrates in more hydrophobic biological microdomains such as lipid bilayers. We anticipate that the conditions of the Qdot single molecule assay would be reflective of the cytosol and therefore the significant inhibition of kinesin processivity at nanomolar concentrations would, within a biological context, be clinically relevant. Further studies to determine the impact on cellular, or more likely, the neuronal circuit are required to evaluate the contribution of this effect on propofol's mechanism of action.
Previously we showed that the general anesthetic propofol significantly reduced the run-length potential of processive kinesins without altering their velocity of movement (26) . Additionally, this study demonstrated that the decrease was specific to the propofol 1-hydroxyl, because a fluorine-substituted derivative lacking anesthetic activity also had no effect on kinesin processivity. The current study confirms that the photolabel analogue AziPm has a similar unique functional activity to propofol, and connects this activity to a specific allosteric binding site within kinesin. The hypnotic effects of general anesthetics like propofol are typically attributed to ligand-gated ion channels, such as the GABA A receptor (54) . However, studies on mice lacking various subunits of the GABA A receptor still 
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exhibit a hypnotic response to anesthetic exposure. Furthermore, the data that have been reported for various other molecular targets are insufficient to establish these ion channels as both necessary or sufficient to produce all the various components that constitute the state of anesthesia, as well as the many adverse effects (55) .
Propofol's potent ability to cause a 40 -60% reduction in kinesin run length (26) provides an additional molecular mechanism for altering neuronal function: a disruption of intracellular transport. Indeed various mechanisms that require kinesin, including neurite growth and specification as well as vesicle exocytosis, are influenced by anesthetics (56, 57) . Nevertheless, an important physiological role for this propofol-kinesin interaction remains to be demonstrated. In summary, this work provides important structural clues of a novel molecular mechanism for disrupting kinesin processivity and broadens the prospective targets involved in propofol pharmacology.
Experimental procedures
Kinesin-1 K439 cloning and expression
The expression construct for human kinesin-1 K439 was a custom gene synthesis from GenScript (Piscataway, NJ) as an insert in the pET24d expression vector between NcoI and BamHI restriction sites. This construct encoded the first 439 residues of Homo sapiens KIF5B, a C terminally fused EB1 sequence that matched the coiled-coil registry of the helix to create stable dimers (bold), a TEV protease site (italicized) with linker residues (plain font), and a His 8 tag (underlined): K439, Hs KIF5B (Met 1 -Ile 439 )-DFYFGKLRNIELICQENEGEND-PVLQRIVDILYATDETTSE; NLYFQGASHHHHHHHH (predicted M r ϭ 56,538).
K439 was bacterially expressed based on the protocol for kinesin-1 K560 as previously reported (26) . Briefly, Escherichia coli BL21-CodonPlus (DE3)-RIL cells (Stratagene, La Jolla, CA) were transformed with the K439 plasmid followed by selection on lysogeny broth (LB) plates containing 50 g/ml of kanamycin and 10 g/ml of chloramphenicol. Positive colonies were selected and grown in LB liquid culture containing the same selective antibiotics at 37°C until they reached A 600 of 0.4 -0.5. Cultures were then chilled on an ice bath to 16°C before expression was induced by the dropwise addition of 0.1 mM isopropyl ␤-D-1-thiogalactopyranoside (IPTG), which continued for ϳ16 -18 h at 16°C shaking at 185 rpm.
Kinesin-2 KIF3 cloning and expression
Preparation of mouse KIF3AB constructs was described in detail previously (58) . Briefly, each expression plasmid encoded the native N-terminal motor domain sequence through the native helix ␣7 followed by a C terminally fused synthetic heterodimerization helix (SHD; bold) motif containing either an acidic (AHD) or basic (BHD) sequence that generated pairwise stabilized heterodimeric motors. The SHD was followed by a TEV protease site (italicized) with linker residues (plain font) and affinity purification tags (underlined). The use of a StrepII tag on KIF3A-AHD combined with the use of a His 8 tag on KIF3B-BHD provided the ability to purify stable heterodimers with sequential affinity purification steps: KIF3A(Met 1 -Glu 376 )-LEKEIAALEKEIAALEKTTSENLYFQGASNWSHP-QFEK (predicted M r ϭ 46,341); KIF3B(Met 1 -Lys 371 ) LKEKI-AALKEKIAALKETTSENLYFQGASHHHHHHHH (predicted M r ϭ 45,790).
Preparation of mouse KIF3AC was described in detail previously (59) , but briefly the design replicated the strategy used for KIF3AB with the exception that the native N-terminal motor through ␣7 was followed by a C terminally fused sequence of EB1 for dimerization (bold) that matched the coiled-coil registry of the native helix, a TEV protease site (italicized) with linker residues (plain font) and affinity purification tags (underlined). As with KIF3AB, the use of the StrepII tag on KIF3A combined with a His 8 tag on KIF3C allowed for sequential purification steps to generate pure, stable heterodimeric KIF3AC: KIF3A-EB1, KIF3A(Met 1 -Leu 374 )-DFYFGKLRNIELICQEN-EGENDPVLQRIVDILYATDETTSENLYFQGASNWSHP-QFEK (predicted M r ϭ 48,559); KIF3C, KIF3C(Met 1 -Leu 396 )-DFYFGKLRNIELICQENEGENDPVLQRIVDILYATDETTS-ENLYFQGASHHHHHHHH (predicted M r ϭ 49,759).
This same KIF3C construct was used for generating homodimeric KIF3CC for the experiments reported herein. The constructs used to express KIF3AA and KIF3BB differ from those detailed above for heterodimeric motors. Rather than use SHD for heterodimerization, KIF3A and KIF3B homodimeric clones utilized the EB1 dimerization strategy (bold) described above for KIF3C, a TEV protease site (italicized) with linker residues (plain font), and a His 8 tag for purification (underlined): KIF3A (Met 1 -Leu 374 )-DFYFGKLRNIELICQENEGENDPVLQRIV-DILYATDETTSENLYFQGASHHHHHHHH (predicted M r ϭ 48,502); KIF3B(Met 1 -Leu 369 )-DFYFGKLRNIELICQENEG-ENDPVLQRIVDILYATDETTSENLYFQGASHHHHHHHH (predicted M r ϭ 48,011).
All KIF3 motors were bacterially expressed as previously reported (26, 58) in E. coli BL21-CodonPlus (DE3)-RIL cells (Stratagene). Heterodimeric KIF3AB and KIF3AC resulted from bacteria that were co-transformed by electroporation with the two appropriate motor expression plasmids, followed by selection on lysogeny broth (LB) plates containing 100 g/ml of ampicillin, 50 g/ml of kanamycin, and 10 g/ml of chloramphenicol. Homodimeric KIF3AA, KIF3BB, and KIF3CC each resulted from bacterial transformation with a single homodimer-designed plasmid followed by selection on LB plates containing 100 g/ml of ampicillin and 10 g/ml of chloramphenicol. Positive colonies were selected and grown in LB liquid culture containing the same selective antibiotics at 37°C until they reached A 600 of 0.4 -0.5. Cultures were then chilled on an ice bath to 16°C before expression was induced by the dropwise addition of 0.1 mM IPTG, which continued for ϳ16 -18 h at 16°C shaking at 185 rpm.
Purification of kinesin dimers
For all kinesins reported herein, cultures were subjected to centrifugation to collect cell pellets, which were then resuspended by spinning at 4°C with the addition of lysis buffer to 10 ml/g of cells. Lysis buffer contained 10 mM sodium phosphate buffer, pH 7.2, 300 mM NaCl, 2 mM MgCl 2 , 0.1 mM EGTA, 0.02 mM ATP, 1 mM DTT, 10 mM phenylmethylsulfonyl fluoride, and 30 mM imidazole. Cells were lysed by the addition of 0.2 mg/ml of lysozyme to the resuspended cells with continued
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stirring for 50 min at 4°C, followed by three replicate cycles of freezing in liquid N 2 and thawing in a 37°C water bath. Lysate was then clarified by ultracentrifugation and applied to a His-Trap FF Ni 2ϩ -NTA column (GE Healthcare) that had been preequilibrated with Ni 2ϩ -NTA binding buffer (20 mM sodium phosphate buffer, pH 7.2, 300 mM NaCl, 2 mM MgCl 2 , 0.1 mM EGTA, 1 mM DTT, 0.02 mM ATP, and 30 mM imidazole).
For K439, the loaded column was then washed with K439 Wash Buffer (20 mM sodium phosphate buffer, pH 7.2, 300 mM NaCl, 2 mM MgCl 2 , 0.1 mM EGTA, 1 mM DTT, 0.02 mM ATP, and 50 mM imidazole) until baseline absorbance was established. His-tagged K439 was then eluted with a linear gradient (Ni 2ϩ -NTA wash buffer: 50 -400 mM imidazole, pH 7.2). Positive elution fractions were pooled, concentrated, and initially dialyzed overnight at 4°C against K439 Dialysis Buffer (20 mM HEPES, pH 7.2, with KOH, 0.1 mM EDTA, 0.1 mM EGTA, 5 mM magnesium acetate, 50 mM potassium acetate, 1 mM DTT plus 300 mM NaCl). Three additional dialysis steps were conducted the following day for 60 min, each at 4°C to gradually decrease the concentration of NaCl (K439 Dialysis Buffer: 200 mM, 150 and 100 mM NaCl). The final dialysis buffer for K439 at 100 mM NaCl also included 5% sucrose.
The purification of kinesin-2 motors (KIF3AC, KIF3AB, KIF3AA, KIF3BB, and KIF3CC) has been reported previously (26, 58) , but briefly the loaded HisTrap Ni 2ϩ -NTA column was then washed with excess Ni 2ϩ -NTA binding buffer, and motors were eluted with a linear gradient (Ni 2ϩ -NTA binding buffer: 30 -300 mM imidazole, pH 7.2). For homodimeric motors, positive elution fractions were pooled, concentrated, and dialyzed at 4°C overnight in 20 mM HEPES, pH 7.2, with KOH, 0.1 mM EDTA, 0.1 mM EGTA, 5 mM magnesium acetate, 50 mM potassium acetate, 1 mM DTT plus 100 mM NaCl, and 5% sucrose. For heterodimeric motors, positive HisTrap Ni 2ϩ -NTA fractions were pooled and transferred to a StrepIITactin TM column (StrepTrapII HP, GE Healthcare) that had been pre-equilibrated with StrepII column buffer (20 mM sodium phosphate buffer, pH 7.2, 300 mM NaCl, 2 mM MgCl 2 , 0.1 mM EGTA, 1 mM DTT, 0.2 mM ATP). The loaded StrepII column was washed with excess StrepII column buffer to return to baseline absorbance, followed by elution in StrepII column buffer plus 2.5 mM desthiobiotin. Fractions from the StrepII column were analyzed by SDS-PAGE to identify only fractions containing a 1:1 ratio of each KIF3 polypeptide. These fractions were then pooled, concentrated, and dialyzed at 4°C overnight in 20 mM HEPES, pH 7.2, with KOH, 0.1 mM EDTA, 5 mM magnesium acetate, 50 mM potassium acetate, 1 mM DTT, 5% sucrose, 100 mM NaCl. The purity of all motors was confirmed by both analytical gel filtration on an HPLC gel filtration column (Superose TM 10/300, GE Healthcare Life Sciences) and SDS-PAGE. Note that the purification tags were not cleaved for the experiments reported herein. Typical yields for purified motors from bacterial expression were 1.7-3 mg/g of E. coli. Predicted molecular weights based on amino acid residue sequence are as follows: K439 at 113,076; KIF3AC at 98,317; KIF3AB at 92,131; KIF3AA at 97,000; KIF3BB at 96,022; and KIF3CC at 99,518. Prior to each experiment, kinesin aliquots were thawed, clarified for 10 min at 4°C (Beckman Coulter TLX Optima Ultracentrifuge, TLA-100 rotor, 313,000 ϫ g), and the protein concentration was determined using the Bio-Rad protein assay with IgG as a protein standard.
Single molecule motility assays
Kinesin motors were visualized by attachment of streptavidin-coated quantum dots (Qdot 525-Streptavidin conjugate, Life Technologies) to the His-tagged C terminus. Qdots were preincubated with biotinylated-Penta-His antibody (Qiagen) at a 1:1 ratio (200 nM each) for 60 min at room temperature in PME80 buffer (80 mM PIPES, pH 6.9, with KOH, 5 mM MgCl 2 , and 1 mM EGTA). To this mixture, His-tagged kinesin dimers were added to a final concentration of 20 nM dimer and incubated for an additional 60 min at 4°C. This process generated a working stock of Qdot-labeled motors at a ratio of 1:10 kinesin dimer:Qdots (20 nM dimer, 200 nM Qdot-antibody complex). According to a Poisson distribution, 9% of the Qdots in this working stock are estimated to have one motor bound and 0.5% with Ն2 motors bound. Previous KIF3 experiments confirmed that a 1:10 ratio of kinesin motors to Qdots was sufficient for single molecule conditions (59) .
Long microtubule tracks (13-30 m) used for microscopy were polymerized as previously described (59) from lyophilized X-rhodamine tubulin (Cytoskeleton, Inc., Denver, CO). Tubulin was resuspended in PME80 buffer containing 10% glycerol, followed by incubation on ice for 5 min in the presence of 1 mM MgGTP. The tubulin was then centrifuged at 16,000 ϫ g for 10 min at 4°C (Galaxy 16D Micro 1816 centrifuge, VWR, Bridgeport, NJ). The clarified supernatant that contained soluble tubulin was transferred to a new tube, and polymerization was conducted at 37°C for 20 min. The polymerized microtubules were then stabilized by the addition of paclitaxel (final 33 M final concentration) and incubated for an additional 10 min. This procedure yields a final microtubule stock at 30 M tubulin polymer.
Perfusion chambers were formed by mounting a silanized coverslip on a glass slide with strips of double-sided tape to generate a 10-l flow cell. Chambers were first incubated with 0.4% rat anti-␣-tubulin antibody (ABD Serotec, Raleigh, NC) for 5 min followed by surface blocking with 5% Pluronic F-127 (Sigma) for 5 min.
X-rhodamine microtubules (30 M stock) were diluted 1:300 in PME80 supplemented with paclitaxel to 22 M to generate a final microtubule concentration at 0.1 M. Microtubules were then introduced into the perfusion chamber and incubated for 10 min. Unbound microtubules were removed by washing the chamber with excess PME80 supplemented with 10 mM DTT and 20 M paclitaxel. For kinesin-2 motors, the working stock of Qdot-motor complexes (20 nM dimer/200 nM Qdotantibody complex) was then added to an Activity Buffer (PME80, 0.5% Pluronic F-127, 30 M paclitaxel, 125 g/ml of BSA, 50 M DTT, 25 mM glucose, 0.2 mg/ml of glucose oxidase, 175 g/ml of catalase, 0.3 mg/ml of creatine phosphokinase, 2 mM phosphocreatine, 1 mM MgATP, 5% DMSO Ϯ 10 M AziPm or Propofol) to dilute the motors 10 times and give a final concentration of 2 nM Qdot-motor complex in the chamber. Adding Activity Buffer to the perfusion chamber activated motor activity, and chambers were imaged immediately.
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For Qdot-K439 complexes, 0.5 mM AMPPNP was required to generate the microtubule-K439 -Qdot complex. Therefore, the setup of the perfusion chamber was altered such that immediately following the 10-min microtubule binding step, Qdot-K439 complexes were introduced in PME80 supplemented with 10 mM DTT, 20 M paclitaxel, and 0.5 mM Mg-AMPPNP and incubated in the chamber for 5 min. This step replaced the wash step to remove unbound microtubules. Qdot-K439 complexes were then activated by introduction of Activity Buffer containing 1 mM MgATP.
TIRF microscopy and image acquisition
Single molecule motility chambers were imaged by TIRF microscopy at 25°C using a Zeiss Inverted Axio Observer Z1 MOT fluorescence microscope with the ϫ100 oil 1.46 N.A. Plan-Apochromat objective (Carl Zeiss Microscopy, Inc., Jena, Germany) and an incubation hood as previously described (59) . Digital images were collected with a Hamamatsu electron multiplier EM-CCD digital camera using the AxioVision 4.8.2 software package. The images generated were 512 ϫ 512 pixels with 0.16 m/pixel in both x-and y-planes. Qdot-kinesin complexes were tracked by imaging at 488 nm (5% laser power, 100 ms exposure) every ϳ0.5 s for 5 min. Reference images of the X-rhodamine microtubule tracks were taken at 564 nm (2% laser power, 300 ms exposure) both before and after acquisition of data in the Qdot channel. Qdot videos were then overlaid with the microtubule image using NIH ImageJ software.
Data analysis
Single molecule motility was analyzed with ImageJ and the MultipleKymograph plugin (J. Rietdorf and A. Seitz, European Molecular Biology Laboratory, Heidelberg, Germany). Mean velocity Ϯ S.E. was determined from histograms of velocity data with an applied Gaussian function. Mean run lengths were determined from histograms of run length data with an applied single exponential decay fit according to the following equation,
where A is the maximum amplitude and l is the mean run length reported Ϯ S.E. The first bin of run-length histograms was masked from the fit due to the resolution limit of the TIRF microscope (Ͻ0.25 m).
To ensure that the maximum run-length potential was examined, Qdot-kinesin complexes were excluded from analysis if they reached the end of the microtubule before falling off, paused at the microtubule end, or began or ended a run outside the timescale of the experiment. Only long microtubule tracks were used for data analysis, which allowed for collection of both long and short runs on the same tracks, thereby avoiding data bias. Statistical analysis to compare mean values from single molecule datasets was conducted with a Student's t test using an ␣-reliability level of 5%.
Preparation of microtubules for photoaffinity labeling
Aliquots of purified bovine brain tubulin were diluted with an equal volume of PM buffer (100 mM PIPES, pH 6.9, 5 mM magnesium acetate, 1 mM EGTA) and cold-depolymerized on ice for 30 min in the presence of 1 mM GTP. Tubulin was then clarified by centrifugation at 16,000 ϫ g for 15 min at 4°C and the soluble tubulin supernatant was removed to a fresh tube. Soluble tubulin was then polymerized by incubation at 37°C, and microtubules were stabilized by the addition of 20 M Taxol. Microtubules were pelleted at 16,000 ϫ g at ambient temperature and resuspended in ATPase buffer (20 mM HEPES, pH 7.2, 5 mM magnesium acetate, 0.1 mM EDTA, 0.1 mM EGTA, 50 mM potassium acetate, 5% sucrose) containing 1 mM DTT and 40 M Taxol. The concentration of tubulin polymer was determined by Lowry assay with BSA as a protein standard.
Photoaffinity radiolabeling
Reaction samples contained final concentrations of 10 M tubulin, 5 M kinesin dimer, with or without 1 mM Mg-AMPPNP in ATPase buffer containing 1 mM DTT, 40 M paclitaxel, 10 M [ 3 H]meta-azipropofol ([ 3 H]AziPm), and 6% methanol with or without 400 M propofol. Reactions were prepared in the following order: 1) ATPase buffer containing DTT and paclitaxel, 2) tubulin dimer, 3) kinesin, 4) AMPPNP or buffer, then 5) [ 3 H]AziPm in methanol with or without propofol. Immediately after preparation, half of the reaction mixture was placed in a 1-mm path length quartz cuvette and exposed to UV irradiation at 350 nm, RPR-3000 Rayonet lamp through a WG295 295-nm low-pass glass filter (Newport Corporation) for 25 min. The remaining half of the reaction mixture was used as a matched non-UV irradiated control. After UV exposure samples were added to 4 volumes chilled acetone and proteins were precipitated overnight at Ϫ20°C. Protein was pelleted for 20 min at 16,000 ϫ g at 4°C then gently washed twice with 300 l of chilled acetone. Protein pellets were air-dried before resuspension in 50 l of 50 mM Tris-HCl, pH 8.0, 1% Triton X-100, and 0.5% SDS. Insoluble debris was pelleted by centrifugation at 16,000 ϫ g. The supernatant was removed, and protein content was determined by BCA assay. SDS-PAGE sample buffer at ϫ5 was added, and samples were heated for 3 min at 90°C. Total sample protein (1-3 g) was separated on a 10% SDS-PAGE gel. Gels were stained and fixed in 10% acetic acid, 50% methanol, 0.5% Coomassie Blue G-250 in ddH 2 O and destained with 10% acetic acid ϩ 10% methanol in ddH 2 O. After destaining the gels were washed three times with ddH 2 O. Gels were scanned on a Bio-Rad GS-800 calibrated densitometer with quantification using the accompanying Quantity One software. To correct for the differences in optical density measurements caused by the background staining of an individual gel, the background was subtracted with a box drawn in a blank gel lane adjacent to the sample band and the mean optical density (O.D.) multiplied by the band area was recorded from contoured bands (OD ϫ mm 2 ). Representative gel images of protein bands are shown in Fig. S2 .
Bands were excised and placed into scintillation vials. One ml of 30% hydrogen peroxide (v/v %) was added, and vials were incubated overnight at 65°C to dissolve the polyacrylamide. Samples were then cooled to ambient temperature before the addition of 10 ml of EcoLite(ϩ) liquid scintillation mixture. Samples were mixed vigorously and incubated at ambient temperature overnight before counting with a PerkinElmer Life
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Sciences Tri-Carb 2800TR instrument. The measured disintegrations per minute (dpm) for each excised band was normalized to the optical density (OD ϫ mm 2 ) of the protein band to correct for the amount of protein applied for scintillation counting and control for unwanted variation. Dpm values not normalized to the optical density are shown in Tables S1 and  Table S2 . Radioactivity within the SDS-PAGE gel not caused by the photoaffinity radiolabeling experiment was corrected by substrating a background control of an excised 75-kDa protein ladder band for each gel as well as the associated non-UV-irradiated protein bands for kinesin or tubulin samples. Non-UVirradiated protein samples displayed Ͻ5% of the measured radioactivity relative to UV-irradiated samples. Radiolabeling experiments were conducted in three technical replicates to insure the reliablilty of single values and are represented as the mean Ϯ S.E.
Photoaffinity labeling for microsequencing
Reaction samples were prepared similar to those mentioned above. Briefly, samples were prepared with final concentrations of 10 M tubulin, 5 M kinesin dimer in ATPase buffer containing 1 mM DTT, 40 M paclitaxel, 10 M AziPm, and Ͻ0.01% DMSO vehicle with or without 1 mM Mg-AMPPNP. Samples were then exposed to UV irradiation, and 20 g of protein was precipitated using 4 volumes of chilled acetone, and proteins were precipitated overnight at Ϫ20°C. Protein was pelleted for 20 min at 16,000 ϫ g at 4°C and then gently washed twice with 300 l of chilled acetone. Protein pellets were resuspended in 20 l of 0.2% ProteaseMax TM Surfactant Enhancer (Promega; w/v%) in 50 mM NH 4 HCO 3 . Samples were then diluted with 74 l of 50 mM NH 4 HCO 3 prior to the addition of 1 l of 0.5 M DTT and incubation at 56°C for 20 min. Protein was then alkylated with the addition of 2.7 l of 0.55 M iodoacetamide and incubation in the dark at room temperature for 20 min. Subsequently, 1 l of 0.1 M CaCl 2 and 1 l of 1% ProteaseMax TM Surfactant Enhancer (w/v%) was added, and proteins were digested overnight at 37°C using sequencing grade trypsin (Promega) at ϳ1:20 protease:protein (w/w) ratio. To stop digestion, TFA was added to 0.5% (v/v%) and samples were incubated at room temperature for 10 min. Samples were snap frozen with dry ice and stored at Ϫ80°C until further processing. Insoluble debris was removed by centrifugation at 16,000 ϫ g and the soluble peptide digest was desalted using C18 stage tips prepared in-house. The final elution was dried by SpeedVac and prior to MS analysis was resuspended in 0.1% formic acid (v/v %).
Mass spectrometry
Desalted peptides were analyzed on an Orbitrap Elite TM Hybrid Ion Trap-Orbitrap Mass Spectrometer (MS) coupled to an Easy-nanoLC 1000 system with a flow rate of 300 nl/min. Peptides were eluted with 100 min with linear gradients from 2 to 35% acetonitrile (ACN) (85 min), from 35 to 85% ACN (5 min), and finally 85% (10 min) ACN in 0.1% formic acid (v/v %). Data-dependent acquisition mode was applied with a dynamic exclusion of 45 s, in every 3-s cycle, one full MS scan was collected with a scan range of 350 to 1500 m/z, a resolution of 60,000 and the maximum injection time was 50 ms and auto-matic gain control of 500,000. The MS2 scans were followed from the most intense parent ions. Ions were filtered with charge 2-5 with an isolation window of 1.5 m/z in quadruple isolation mode. Ions were fragmented using collision-induced dissociation with collision energy of 35%. Ion trap detection was used with normal scan range mode and rapid ion trap scan rate. Automatic gain was set to be 10,000 with a maximal injection time of 100 ms.
Mass spectrometry analysis
Spectral analysis was conducted using Thermo Proteome Discoverer 2.0 (Thermo Scientific) and the Mascot Daemon search engine using a customized database containing kinesin sequences supplied for heterologous expression or the bovine proteome UniProt database for WT ␣and ␤-tubulins (Uni-ProtKB ID P81947, Q2T9S0, Q3ZBU7, Q3MHM5, P81948, Q32KN8, Q2HJ86, Q3ZCJ7, Q6B856, Q2KJD0, Q2HJ81, and Q2HJB8). All analyses included dynamic oxidation of methionine (ϩ15.9949 m/z) and static alkylation of cysteine (ϩ57.0215 m/z; iodoacetamide alkylation). Photolabeled samples were run with the additional dynamic AziPm modification (ϩ216.1996 m/z). A mass variation tolerance of 10 ppm for MS and 0.8 Da for MS/MS were used. Searches allowed for up to 3 missed trypsin cleavages with a false discovery rate of 0.01%. Samples were conducted in triplicate, and samples containing no photoaffinity ligand were treated similarly to control for false-positive detection of photoaffinity ligand modifications.
Binding site prediction and docking
The X-ray crystal structures of kinesin motor domain without nucleotide (PDB ID 4LNU) (29) or with ADP-AlF 4
Ϫ (PDB ID 4HNA) (30) in complex with tubulin were used for the propofol-binding site prediction and docking experiments. PyMOL (60) was used to remove the co-crystalized DARRPIN protein, ions, and crystallographic ligands as well as to mutate amino acid residues to align within with the K439 sequence. Prediction of the active site residues within the kinesin motor domain was analyzed using the CASTp web software (http://cast. engr.uic.edu) 3 (45) with a probe radius of 1 Å. Pockets with the greatest number of photolabeled residue sites lining the cavity and predicted have a sufficient volume (Ͼ200 Å 3 ) were used as the basis for docking simulations using AutoDock Vina (46) . Prior to docking, the structures were prepared using AutoDock Tools4 (61) with the addition of hydrogens and Kollman charges, and the merging of nonpolar hydrogens. Flexible residues were assigned based off the amino acid residues detected by CASTp that formed the predicted pocket and were defined using AutoDock Tools4. Molecular coordinates for propofol were downloaded from the ZINC small molecule library (62) using provided physical representations. The molecular coordinates for AziPm were generated using MarvinSketch version 16.3.28.0 and AutoDock Tools4 to generate Gasteiger charges and to merge nonpolar hydrogens. The maximum torsions were allowed for propofol and AziPm, respectively (i.e. ligands were fully flexible). Separate docking simulations using Auto-
